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In high energy hadronic collisions, a general CP-violating Higgs boson Φ with accompanying jets can
be efficiently produced via gluon fusion, which is mediated by heavy quark loops. In this letter we
study the dominant sub-channel gg → Φggg of the gluon fusion production process with triple real
emission corrections at order α5
s
. We go beyond the heavy top limit approximation and include the
full mass dependence of the top- and bottom-quark contributions. Furthermore, we show within a
toy-model scenario that bottom-quark loop contributions in combination with large values of tanβ
can modify visibly the differential distributions sensitive to CP-measurements of the Higgs boson
particle.
PACS numbers: 12.38.Bx, 13.85.-t, 14.65.Fy, 14.65.Ha, 14.70.Dj, 14.80.Bn
I. INTRODUCTION
Since the discovery of a new bosonic resonance with a
mass in the range of 125-126 GeV at the Large Hadron
Collider (LHC), the measurement of its properties to val-
idate the Standard Model (SM) Higgs boson hypothesis
has become one of the main goals of the scientific com-
munity [1–10]. Recent measurements by the ATLAS and
CMS collaborations favor a spin-0 Higgs boson with a
positive parity [11, 12], a pure CP-odd scalar Higgs par-
ticle was already discarded in previous studies [6] with
more than three standard deviations. However, a scalar
CP-violating Higgs boson consisting of a mixed state of
CP-odd and CP-even couplings to fermions has not still
been ruled out. It can be described by the following La-
grangian:
LYukawa = q (yq + iγ5y˜q) qΦ , (1)
where Φ denotes a scalar Higgs particle with unconstraint
CP properties via the assignment
Φ = H cosα+A sinα , (2)
with H and A representing a CP-even and CP-odd Higgs
bosons, respectively, and α the corresponding mixing an-
gle. Higgs production in association with two jets via
gluon fusion is a promising channel in order to measure
the CP-properties of the Higgs particle as well as its cou-
pling to fermions [13, 14]. In general, the production
of Φ + 2 jets events leads to a distinctively altered dis-
tribution of the azimuthal angle difference between the
two jets. The maximum of the distribution is found at
∆φjj = −α and ∆φjj = −α ± π, in contrast to a pure
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CP-even Higgs Φ = H or CP-odd Higgs Φ = A [1, 15–
18], with maximums situated at ∆φjj = 0 (±π) and
∆φjj = ±π/2, respectively. Thus, the azimuthal angle
distribution of Φjj events production provides valuable
information about the mixing nature of the scalar parti-
cle.
A relevant aspect of interest is the modification of the
azimuthal angle correlation by emission of additional jets,
that is, at least by a third jet. Several analyses [19–
21] demonstrated that the φjj -correlation survives with
minimal modifications after the separation of hard radi-
ation from showering effects with subsequent hadroniza-
tion. Similar conclusions were obtained by a parton level
calculation with NLO corrections [22, 23] to the Higgs
plus two jets process in the framework of an effective La-
grangian. In this letter, we analyze whether the presence
of additional soft radiation may destroy the characteristic
pattern observed in Ref. [18] for Φjj production.
For a Higgs mass lower than the top-quark mass, the
total cross section can be determined with a good accu-
racy via the effective Lagrangian derived from the heavy
top limit approximation
Leff = yt
ySMt
· αs
12πv
·H Gaµν Ga µν+
y˜t
ySMt
· αs
8πv
·AGaµν G˜aµν ,
(3)
where Gaµν represents the gluon field strength and
G˜aµν = 1/2Gaρσ ε
µνρσ its dual. The validity range of the
effective approach has been studied at LO for Φjj pro-
duction in Ref. [18], and recently for Hjjj production
in Ref. [24], for which there are additional NLO results
computed within the effective theory [25].
For values of the Higgs transverse momentum larger
than twice the top mass, Higgs masses bigger than the
top mass and finally in models (e.g. 2HDM, MSSM, etc.)
with strong enhancement of bottom-loop contributions
by a large ratio of the two vacuum expectation values,
vu/vd = tanβ, the effective Lagrangian approximation,
Eq. 3, breaks down and leads to unreliable predictions.
2Here it is necessary to switch to the full theory with full
quark mass dependence in the contributing loops.
In this letter, we provide results for Φjjj going beyond
the heavy top approximation, including the full mass de-
pendence of the top- and bottom-quark contributions at
LO for the sub-process gg → Φggg which is the domi-
nant channel, and hence, an essential piece to compute
the real emission contributions for Higgs plus two jets
production at NLO via GF within the full theory. This
production channel involves the manipulation of massive
rank-5 hexagon Feynman diagrams, which are the most
complicated topologies appearing in Higgs production in
association with three jets via GF, and thus it provides a
testing ground to check the numerical stability of the full
process. This is particularly important for the numeri-
cally challenging bottom-loop corrections, which turn out
to provide the main contributions at large values of tanβ,
and hence, dominate over the top-loop contributions. Re-
sults for the full process and a detailed description of
de-correlation effects will be given in a forthcoming pub-
lication.
This letter is organized as follows. The technical de-
tails of our implementation are presented in Section II.
Numerical results are shown in Section III and finally
conclusions in Section IV.
.
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FIG. 1: Master Feynman diagrams
II. CALCULATIONAL DETAILS
The relevant subprocesses contributing to Φjjj pro-
duction are,
q q → q q gΦ, q Q→ q Q gΦ,
q g → q g gΦ, g g → g g gΦ . (4)
In this letter, we restrict our study to the last sub-
process. In a 2HDM, Yukawa couplings to up- and down-
type quarks are generally functions of the ratio of two
vacuum expectation values, tanβ = vu/vd. In the sce-
nario of the 2HDMmodel of type II, the Yukawa coupling
to up-type quarks is suppressed by cotβ in contrary to
the enhancement by tanβ of the Yukawa couplings to
down-type quarks,
y˜IIu = −
cotβ
v
mu and y˜
II
d = −
tanβ
v
md . (5)
Due to this enhancement, loops with bottom-quarks can
also provide significant contributions to the total cross
section as well as to differential distributions of impor-
tant observables. Thus, we take bottom-loop corrections
into account to study their phenomenological effects and
numerical behavior. In this connection we closely fol-
low the setup described in Ref. [24] for Hjjj production.
The here analyzed Higgs production process is available
in the GGFLO MC program, which is also a part of the
VBFNLO framework [26]. As customary in VBFNLO
calculations, we use the effective current approach [27, 28]
to evaluate loop amplitudes. Eight master Feynman di-
agrams involving four CP-even and four CP-odd Higgs
couplings to fermions are needed. For this letter, the four
CP-odd Higgs master integrals depicted in Fig. 1 have
been computed with the in-house framework described
in Ref. [29]– the attached gluons are considered to be
off-shell vector currents, which allow the attachment of
further participating gluons. The numerical evaluation
of the tensor integrals follows the Passarino-Veltman ap-
proach of Ref. [30] up to boxes, and Ref. [31], with the
scheme laid out in Ref. [29], for pentagons and hexagons.
Scalar integrals are computed following Refs. [32, 33].
Furthermore, the number of diagrams to be evaluated
are reduced by a factor two applying Furry’s theorem.
The color factors are the same as for Hjjj production
and were computed by hand and cross checked with the
program MadGraph [34, 35].
To guarantee the correctness of the results, we com-
pare first the amplitudes of the CP-odd and CP-even pro-
duction modes obtained by MadGraph in the top limit
approximation against a self-made implementation of the
Φjjj production channel, implemented also in VBFNLO.
The agreement for both the CP-odd and CP-even produc-
tion modes is satisfied at the machine precision level at
the amplitude level and at the per mille level when com-
pared at the integrated cross section level against Mad-
Graph. Then, we compare the full and effective theory
results at the integrated cross section level formt = 5·104
GeV. The agreement is better than one per ten thousand
level.
To control the numerical instabilities inherent to a
multi-leg calculation, we follow the procedure described
in Ref. [24]. We provide a summary here for the sake of
being self contained. We use the Ward identities tech-
nique developed in Ref. [29] and applied successfully in
other complex GF processes [24, 36]. These identities al-
low to relate N -point to N − 1-point tensor integrals by
replacing an effective current by the corresponding mo-
mentum flow. This property is transferred to the Master
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FIG. 2: Left: A + 3 jet cross section as a function of the pseudo-scalar Higgs boson mass, mA, for different values of
tanβ. Right: Φ+ 3 jet cross section as a function of tanβ for several values of the Φ mass. The inclusive cuts (IC)
of Eq. (7) are applied
integrals, hence it provides a strong check on the cor-
rectness of the Master integrals. For example, a hexagon
topology of tensor rank five can be written with the help
of the Ward identity as a difference of two pentagons
topologies of tensor rank four
Hµ1...µ5pi,µi = Pµ1...µˆi...µ51 −Pµ1...µˆi...µ52 , i = 1 . . . 5 , (6)
where µˆi denotes the corresponding vertex replaced by its
momentum pi. We construct all possible Ward identities
for each physical permutation and diagram, e.g. all five
different ones for the hexagon Hµ1...µ5 .
For each phase space point and diagram, these Ward
identities are evaluated with a small additional comput-
ing effort using a cache system. We request a global
accuracy of ǫ = 5 × 10−4 and reevaluate the diagram
using quadruple precision if the Ward Identities are not
satisfied with the demanded accuracy. Finally, the ampli-
tude is set to zero and the phase-space point discarded if
the Ward identities are not satisfied after this step. The
amount of phase-space points, which does not pass the
Ward identities after this step is statistically negligible
and well below the per mille level.
With this method, we obtain statistical error of 1% in 3
hours (top contributions only) for the LO inclusive cross
section using a single core of an Intel i7-3970X processor
with the Intel-ifort compiler (version 12.1.0). The distri-
butions shown below are based on multiprocessor runs
with a total statistical error of up to 0.02%. These pre-
cision and computing-time results set a benchmark for
comparisons with automated multi-leg calculation pro-
grams.
III. NUMERICAL RESULTS
In this section, we present results for integrated cross
sections and selected differential distributions of impor-
tant observables for the sub-process gg → gggΦ at the
LHC at 13 TeV center of mass (c.m.) energy. We use
the CTEQ6L1 parton distribution functions (PDFs) [37]
with the default strong coupling value αs(MZ) = 0.130
and the kT -jet algorithm. To avoid soft and collinear
QCD singularities, we introduce a minimal set of cuts:
pjiT > 20 GeV , |yj | < 4.5 , Rjj > 0.6 , (7)
where Rjj describes the separation of the two partons in
the rapidity versus azimuthal-angle plane,
Rjj =
√
∆y2jj + φ
2
jj , (8)
with ∆yjj = |yj1 − yj2| and φjj = φj1 − φj2. These
cuts anticipate LHC detector capabilities and jet finding
algorithms and will be called “inclusive cuts” (IC) in the
following.
All quarks, except the bottom- and the top-quark are
considered massless. The top-quark mass is fixed atmt =
173.3GeV and MS bottom-quark mass at mb(mb) =
4.2GeV. In our setup Yukawa couplings contain a 33-
42% smaller mb than the pole mass of 4.855 GeV uti-
lized in the loop propagators within the Higgs-mass range
of 100-600 GeV. Although we present a LO calculation,
we have taken into account the evolution of mb up to
a reference scale (in this case mH) due to the domi-
nance of the bottom loop contributions at large values of
tanβ. We achieved this by utilizing the relation between
the pole mass and the MS mass, following Refs. [38, 39]
within a 5-flavor scheme. The Higgs boson is produced
on-shell and without finite width effects. Additionally,
4we choose MZ = 91.188GeV, MW = 80.386GeV and
GF = 1.16637 × 10−5GeV−2 as electroweak input pa-
rameters and use Standard Model tree level relations to
compute the weak mixing angle and the electromagnetic
coupling constant.
The factorization scale is set to µF = (p
j1
T p
j2
T p
j3
T )
1/3
and the renormalization to
α5s(µR) = αs(p
j1
T )αs(p
j2
T )αs(p
j3
T )αs(pΦ)
2 . (9)
Here, pjiT with i = 1, 2, 3 denotes jets with decreasing
transverse momenta.
In the following, if not stated otherwise, we simulate
effects of a general CP-violating Higgs boson, Φ, using
a toy model. In general, the Agg coupling is enhanced
in comparison to the Hgg one by factor 3/2 due to loop
effects (see Lagrangian of Eq. 3). Although, in our MC
program, it is possible to modify arbitrarily the strength
of Yukawa couplings being important for general studies,
in the considered model, we impose an equal coupling
strength to fermions for both, the CP-even and the CP-
odd parts of Φ. To achieve this, it is necessary to reduce
the strength of the CP-odd coupling by a factor of 2/3
with respect to Eq. (5):
yd =
3
2
y˜d = −md
v
tanβ and yu =
3
2
y˜u = −mu
v
cotβ.
(10)
This set up, as we will see below, will produce a known
behavior in the differential distributions sensitive to CP-
Higgs measurements. The left panel of Figure 2 shows
for different values of tanβ the total cross section of
a pure CP-odd Higgs boson as a function of its mass.
One can observe that amplitudes containing both, top
and bottom loop corrections, denoted by “t+b” in the
following, are indistinguishable from the pure top loop
contributions for tanβ = 1. Both of them demonstrate
visibly the expected threshold enhancement at a Higgs
mass value corresponding to twice of the top mass. In
the case of bottom-quark loop dominated processes, the
characteristical peak appears well below the shown Higgs
mass range. We also show results for the effective theory
approximation with and without applying corrections to
the couplings by an additional form factor (FF), obtained
from Eq. (2.26) of Ref. [3].
Within a 10% deviation with respect to the full theory,
the effective theory gives accurate predictions up to Higgs
masses of 150 GeV.
With the help of the form factor FF, similarly applied
in the purely CP-even Higgs boson case of Ref. [24], the
validity range is extended up to Higgs masses of about
300GeV within a 10% deviation. Additionally, it intro-
duces back the threshold behavior at mA = 2mt. Be-
yond that validity bound, the total cross section is over-
estimated up to 20% at mH = 370 GeV, and converges
afterwards slowly to the full theory result for the shown
Higgs mass range. Although, the form factor predicts the
normalization of the cross section for tanβ = 1 relatively
well, large deviations can be still observed in differential
distributions, see Ref. [24].
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FIG. 3: Transverse-momentum distributions of the
harder jet generated within our toy-model scenario
including top and bottom loop-induced amplitudes for
different values of tanβ and for the effective theory with
form factors (effFF ). The lower panel shows the ratios
of the effective Lagrangian approach vs. the full theory
for various tanβ values. The inclusive cuts (IC) of
Eq. (7) are applied.
In the right panel of Figure 2, we show the total cross
section of the production of Φjjj as a function of the pa-
rameter tanβ computed within our toy-model scenario
for different Higgs mass values. Similarly to Φjj pro-
duction process [18], the minimal cross section for small
Higgs masses is obtained near tanβ ≈ 7, when yt ≈ yb
(see Eq. (5)) and both Yukawa couplings are suppressed
simultaneously in comparison to ySM . The shift of the
minimum of σ to larger tanβ values with increasing mΦ
can be understood in the following way: For large values
of tanβ, e.g. tanβ = 30, illustrated in the left panel
of Fig. 2, the bottom-loop contributions dominate over
the suppressed top-quark contributions. However, the
total cross section decreases rapidly with rising mΦ val-
ues since the scale in the loops is now set by the heavy
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FIG. 4: The transverse-momentum distributions of the Higgs boson Φ (left panel) and the transverse scalar sum
(right panel), are plotted. Details are described in Fig. 3 and in the text.
Higgs mass instead of the (relatively) lighter quark mass.
The suppression of bottom-loops at large mΦ implies the
equality of the top- and bottom-quark contributions, and
therefore as a consequence it leads to a shifted minimum
of the distribution towards larger values of tanβ.
In the following, for a set of different tanβ values, we
simulate effects of a general CP-violating Higgs sector at
the LHC using the previously described toy model sce-
nario and show differential distributions for several phe-
nomenologically interesting observables for Φjjj produc-
tion with a Higgs mass fixed at 126GeV. Fig. 3 shows
the differential distribution of the hardest jet. For large
values of tanβ, bottom loop corrections dominate, and
hence, provide a strong impact on the spectrum. For
pT,j > mb, the large scale of the kinematic invariants
leads to an additional suppression of bottom-loop in-
duced sub-amplitudes compared to the heavy quark ef-
fective theory. It is e.g clearly visible for tanβ = 10
at 400GeV, where Kfact (lower panel) shows a 4-times
overestimated prediction of the heavy theory approach.
For tanβ = 1, the effective theory approximation de-
scribes efficiently the full theory prediction within 10%
accuracy up to pjmaxT < 200 GeV. Beyond that regime,
differences start to increase and deviations up to 100%
are found. Hence, these facts stress the limited predic-
tive power of the heavy-top quark limit approximation
in scenarios beyond the SM. Similar properties are found
in Fig. 4, where the left panel illustrates the differential
distribution of the transverse Higgs boson momentum.
The right panel shows the transverse scalar sum of the
system, oftenly used in the framework of new physics
searches, defined as HT =
∑
i p
ji
T +
√
p2T,Φ +M
2
Φ.
The azimuthal angle distribution is sensitive to the CP-
character of the Higgs coupling to fermions. In Ref. [18],
it was proven for Φjj production that the softening ef-
fects observed in the transverse momentum distributions
due to bottom-loop corrections did not modify the jet az-
imuthal angle correlations predicted by the effective the-
ory approximation. In this letter, the presence of the ad-
ditional third jet rises the question whether soft radiation
can distort these predictions. We follow the definition of
Ref. [15] of the azimuthal angle distribution between the
more forward and the more backward of the two tagging
jets. To increase the sensitivity to the CP-structure of
the Higgs couplings, a modification of the inclusive set of
cuts is applied,
pjiT > 30 GeV , |ηj | < 4.5 , Rjj > 0.6 , ∆ηjj > 3 . (11)
We refer to them as ICphi set of cuts in the following.
The effective theory approach showed a phase shift of
the φjj distribution by an angle α which is given by the
relative strength of the CP-even and CP-odd couplings.
Taking into account the relative enhancement of the pure
CP-odd coupling due to loop effects (see Eq. (3)), the
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FIG. 5: Left: azimuthal angle correlation φj1j2 of the two harder jets with applied ICphi cuts of Eq. (11). Right: z
∗,
the normalized centralized rapidity distribution of the third jet w.r.t. the tagging jets using the VBF cuts of
Eq. (13). Further, details are described in Fig. 3 and in the text.
phase shift angle is given by [15],
tanα =
3
2
y˜q
yq
. (12)
In our toy model scenario, Eq. (10), we assume yq =
3/2y˜q, and hence, the minima are shifted to α = 45
o, 135o
degrees. This can be seen in Figure 5, where we simulate
effects of a general CP-violating Higgs sector at the LHC
for a set of different tanβ values, illustrated with the help
of the normalized φjj -distributions. The effective theory
approximation reproduces accurately the shape of the φjj
distribution. Whereas in the full theory, the azimuthal
angle distributions receives kinematic distortions which
are caused by kinematical effects due to both, the bal-
ance of the transverse momentum of the jets and the
Higgs boson, and the softer momentum spectrum of the
jets and the Higgs boson for high values of tanβ (Fig.3
and 4) where bottom loop contributions dominate. Using
typical vector fusion cuts,
mj1j2 > 600GeV, |yj1 − yj2| > 4, yj1 · yj2 < 0 , (13)
we show the normalized centralized rapidity distribu-
tion of the third jet with respect to the tagging jets,
z∗ = (y3 − 1/2(y1 + y2))/|y1 − y2|. This variable re-
flects the nature of VBF processes involving the fusion of
electro-weak Gauge bosons. In EW Hjjj production [40],
one can clearly observe how the third jet tends to accom-
pany one of the leading jets appearing at 1/2 and -1/2
respectively. Additionally, due to its color singlet nature,
there is almost no jet activity in the rapidity gap region
(minimum at z∗ = 0) between the two leading tagging
jets. In our case, it shows the typical behavior of a QCD
induced process, and the rapidity gap between the two
jets is filled up by at least a third jet due to additional
gluon radiation. Furthermore, the z∗-distribution is in-
sensitive to the change of the Higgs couplings to fermions
by the model parameter tanβ.
IV. SUMMARY
In this letter, we have presented first results for the
gluon fusion loop-induced sub-process gg → gggΦ at
the LHC, where Φ corresponds to a general CP-violating
Higgs boson. Interference effects between loops with top-
and bottom-quarks as well as between CP-even and CP-
odd couplings of the heavy quarks were fully taken into
account.
The stability of the numerical results is guaranteed by
a suitable application of Ward identities and quadruple
precision, which are adecuate even for bottom dominated
configurations.
Using a toy model scenario, we have presented effects
of bottom-quark loop contributions which can lead to
7visible distortions in the differential distributions of im-
portant observables for large values of tanβ.
Operating at a center of mass energy of
√
s = 13 TeV,
for small values of tanβ, up to Higgs masses of 290 GeV
and for small transverse momenta pjmaxT . 290 GeV, the
effective Lagrangian approximation including the form
factor correction gives accurate results and can be used
as a numerically fast alternative for phenomenological
studies. No restriction was found in the validity of the
invariant mass of the dijet system of the leading jets (not
shown) for small values of tanβ. The shape of the az-
imuthal angle distribution is well described by the effec-
tive theory. However, distortions in the shape appear for
increasing values of tanβ. A detailed description of the
full process will be given in a forthcoming publication.
This process will be made publicly available as part of
the VBFNLO program.
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